The ability of neurons in the central nervous system to grow through a lesion and restore conduction has been analyzed in a developing spinal cord. The preparation consists of the entire central nervous system of the newly born opossum (Monodeiphis domestica), isolated and maintained in culture. Cell division, cell migration, and reflexes are maintained in such preparations for up to 8 days in culture. In the present experiments, massive lesions were produced by crushing the spinal cord, which abolished all conduction for a day. By 2-3 days after injury, electrical conduction across the crush could be observed. After 4-5 days, clear recovery had occurred: the amplitude of the conducted volley was comparable to that in acute preparations. In such preparations, the spinal cord had largely regained its normal appearance at the crush site. Axons stained by carbocyanine dyes or horseradish peroxidase had, by 4 days, grown in profusion through the lesion and several millimeters beyond it. These experiments demonstrate that neurons in the central nervous system of newly born mammals, unlike those in adults, can respond to injury by rapid and extensive outgrowth in the absence of peripheral nerve bridges or antibodies that neutralize inhibitory factors of myelin. With rapid and reliable regeneration occurring in vitro, it becomes practicable to assay the effects of molecules that promote or inhibit the restoration of functional connections.
Damage to the central nervous system (CNS) of adult mammals is usually followed by minimal regrowth or repair (1) . Axons can regenerate and make connections with their targets only after grafts of peripheral nerves have been supplied (2) (3) (4) or after inhibitory growth molecules have been neutralized (5) (6) (7) . Oligodendrocytes in particular have been shown to produce molecules that actively prevent neurons from growing. By contrast, neurons within the CNS of a developing mammalian embryo are unmyelinated, grow profusely, and form synapses in the virtual absence of glial cells. The aim of the present experiments was to determine whether damaged immature mammalian CNS might be better able to repair itself after an injury. Such tests have not been made on embryos in the past, for technical reasons. Although axonal outgrowth can occur in neonatal hamsters following injury to pyramidal-tract fibers, the regenerating axons are not able to grow across the lesion (8) .
A suitable experimental preparation for studying regeneration after an injury is provided by the central nervous system of the neonatal opossum (Monodelphis domestica). This animal, being a marsupial, is extremely immature at birth. The newly born pup has only rudimentary eyes, ears, and hindlimbs and is unable to walk or to right itself. Its CNS is incomplete and corresponds to that of a 14-day rat embryo, having no cerebellum and only a rudimentary forebrain (9) . Yet this neonatal animal is able to suck, to breathe, and to perform selected vital functions. Earlier experiments (10) (11) (12) have shown that the CNS can be removed in its entirety from 3-day-old pups and maintained in tissue culture for over a week. Dividing and migrating cells have been labeled for several days in culture by 5-bromodeoxyuridine, which is incorporated into DNA during replication. Moreover, the isolated CNS continues to display spontaneous rhythmical respiratory activity and to maintain reflex responses to electrical stimulation in vitro. An additional advantage is that amino acids, transmitters, tetrodotoxin, and a variety of larger molecules can rapidly penetrate the isolated tissue from the bathing fluid (10) (11) (12) . The fine structure of the nervous system, revealed by electron microscopy, appears normal during culture with good preservation of axons, dendrites, cell bodies, and radial glia; a striking feature is the absence of myelin and the small number of glial cells that have developed at this stage.
In the present study, the spinal cord was crushed with forceps immediately after isolation. Thereafter, preparations were left in oxygenated culture medium for periods up to 7 days. To test for restoration of conduction through the crush, stimuli were applied above while recordings were made below and vice versa. As described below, the first few experiments revealed a surprising restoration of throughconduction within 3-5 days. As a next step, individual growing axons were stained with a carbocyanine dye and with horseradish peroxidase (HRP) to observe neurite outgrowth directly. The results indicate that the immature mammalian CNS provides a more permissive environment for regrowth than that of the adult.
MATERIALS AND METHODS
Dissection and Tissue Culture. Three to 7 days after birth the opossum pups, which are functionally decorticate, were anesthetized by cooling and then killed by rapid excision of the heart and lungs. The entire CNS (brain, spinal cord, dorsal root ganglia) was removed and maintained in tissue culture for up to a week in Eagle's basal medium (GIBCO), with the following additions: nerve growth factor, 30 ng/ml (Sigma); insulin, 10 Ag/ml (Sigma); fetal bovine serum, 0.2% (GIBCO); garamycin, 0.1 mg/ml (Essex Chemicals, Lucerne, Switzerland). The culture medium was continuously bubbled with 02/CO2 (95%:5%). Under similar conditions cells continue to divide and electrical excitability is maintained (10) (11) (12) . The spinal cord was crushed with watchmakers forceps as described below (Results) immediately after removal from the animal.
Abbreviations: CNS, central nervous system; DiI, 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate; HRP, horseradish peroxidase.
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Electrical Recording. The brain was removed and the rostral and caudal ends of the spinal cord were drawn into suction electrodes. Either electrode could be used for stimulation or for recording (chlorided silver wires in the bath acting as indifferent electrodes). Signals were amplified with a lownoise differential ac pre-amplifier (Almost Perfect Electronics, Basel, Switzerland), displayed on an oscilloscope, and stored on videotape. When recordings were made from injured preparations the electrodes were placed at distances of several millimeters above and below the crush site.
Neurite Outgrowth. Neurites were stained with a fluorescent, lipophilic, carbocyanine dye, 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dii; reviewed in ref. 13 ). Dii was obtained from Molecular Probes. A saturated filtered solution of DiI in 100%6 ethanol was used for injection into preparations that had been kept in culture for 4-5 days. Before the injection the CNS was pinned out in a Sylgard-coated dish, fixed overnight in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), and washed in buffer. DiI was injected dorsally into the right or left side of the fixed brainstem (to avoid the central spinal canal) with a microelectrode (tip diameter, 20-30 ,im) attached to a mouth pipette. The fixed CNS was kept in phosphate buffer at 370C and the extent of axon labeling was viewed after 7-15 days with a standard rhodamine filter set and a long-workingdistance (x25 or x 10) objective. By this time, in whole mounts, DiI had labeled axons within and beyond the crush. In other experiments, HRP was injected as a 40%o solution in Eagle's basal medium into crushed preparations that had been in culture for 3 days. After 24 hr the preparation was fixed and reacted for HRP. Epon sections (50-100 ,um) were observed with Nomarski optics.
RESULTS
Appearance of CNS After Injury. Two crushes, each extending well beyond the midline, were made with watchmakers forceps at two adjacent segments (cervical 7 and thoracic 1) of the spinal cord of 3-day-old pups. A crush completely separated nervous tissue under the pia mater, as shown in Fig. 1A . Paired, staggered crushes were made because a single lesion all the way across the spinal cord would have led to disintegration of the preparation. By 2 days after the crush, the gap in the CNS at the site of the lesion had become filled so that the injury was no longer obvious in the dissecting microscope. Fig. 1B shows a preparation after 4 days in culture in which the apposed crushed segments of the spinal cord have been bridged by tissue. Similar recovery of normal appearance was observed in more than 25 other preparations that were tested for recovery.
Conduction of Action Potentials Through Crushed Spinal Cord. In freshly removed CNS, maximal electrical stimulation of the spinal cord or midbrain leads to a compound volley of action potentials, usually about 0.2 mV in amplitude ( Fig.   2A) . From earlier experiments it is known that these responses can be evoked by rostral as well as by caudal stimulation, that they are mediated in part directly and in part through synaptic connections, and that, amazingly enough, they can persist virtually unchanged after 10 days in culture (10) . Immediately after crushing, these responses were abolished. One day later, no activity could be discerned beyond the crush (Fig. 2B) . By the second day, conducted action potentials could be observed in two preparations (Fig. 2C) . By the fourth or fifth day, however, marked recovery had occurred; the amplitude of the volley, though not fully restored, approached that seen in normal undamaged CNS (Fig. 2D ). Fig. 3 shows the time course over which conduction across the crush was restored after injury. At later stages, conduction was restored in almost all preparations. Control experiments were made to ensure that electrical currents from the stimulating electrode had not spread be- lesion. As dye diffused further on subsequent days, axons were clearly labeled within the crush and well beyond it.
Features of these stained axons were that large numbers of them grew into the crush, where many branched. Often, axons extended for several millimeters beyond the lesion. In the preparation shown in Fig. 4A , for example, axons were followed for 3 mm into the spinal cord beyond the crush site, which is marked by arrows. In control experiments, preparations were crushed and fixed immediately with no opportunity for regeneration. Under these conditions, axons were labeled as before but none entered the lesion itself.
HRP was also used to label growing axons in crushed CNS. Enzyme was injected into the brainstem on the third day of culture and allowed to spread along axons for one more day before fixation and reaction. As with DiI, fibers entered the crush in abundance, branched, and grew on beyond it for several millimeters. All preparations that were successfully injected with HRP or DiI showed evidence of outgrowth similar to that shown in Fig. 4 (2) (3) (4) (5) (6) (7) . As yet, we do not know whether the axons that have grown make normal functional connections. Furthermore, our experiments have not revealed whether the outgrowth is from axons that had been cut or from newly grown fibers reaching the lesion for the first time. However, we have clearly established that axonal outgrowth does occur after extensive damage to this CNS. The outgrowth is rapid with fibers growing through the site ofa crush to extend far beyond it. It will be of interest to determine at what age the ability of this CNS to regenerate is lost. No direct tests have been made on an adult opossum, but it seems extremely unlikely that this CNS could regenerate. The exceptional nature of a marsupial such as the opossum (compared with a rat or guinea pig) resides in its late postnatal development, rather than in the structure or properties of its adult CNS.
That some regeneration can occur in adult mammalian CNS has been demonstrated by Aguayo and his colleagues (2-4), who applied grafts of peripheral nerves as conduits for growth and guidance. Similarly, Schwab and coworkers (5-7) have shown that regeneration of CNS axons can occur in adult rats that have been pretreated with x-rays or with antibodies directed against inhibitory factors in myelin. Together, these experiments suggest that adult mammalian CNS lacks substrates suitable for promoting neurite outgrowth and contains molecules that inhibit regeneration. Our opossum pups at 3 days contain only a few glial cells and no myelin. Axons are still growing and forming synapses in abundance. Hence, the environment at this stage is favorable for regrowth.
Certain advantages of the intact opossum CNS in culture have emerged. First, regeneration occurs rapidly: after only 4 days or so, not weeks or months, regrowth and throughconduction can be observed. As a result, numerous experiments under various conditions can be efficiently carried out. Second, there is profuse outgrowth of fibers across and beyond the crush. Indeed, in the first experiment in which impulses were recorded, we had set up a signal averager in order to detect spikes in the microvolt range, never expecting to see the large potentials shown in Fig. 2D . A third obvious advantage is that the recovery occurs in tissue culture instead of in the animal, so that growth factors and antibodies can be applied at known concentrations and their effects assayed.
The results presented here set the stage for an in-depth study of regeneration. Problems of interest include the specificity ofthe new connections that are formed by regenerating axons. In a culture dish it becomes possible also to analyze how molecules that promote or inhibit outgrowth influence the efficacy of regeneration and perhaps restoration of function after injury.
